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Introduction {#sec001}
============

Dental implant treatment is widely used. In aging societies, the number of elderly patients who receive implant treatment is increasing \[[@pone.0202857.ref001]\]. Osteoporosis, including high-turnover and low-turnover osteoporosis, is a well-known risk factor for the prognosis of dental implants \[[@pone.0202857.ref002]\]. In high-turnover osteoporosis, bone resorption increases because of estrogen deficiency; in low-turnover osteoporosis, the ossification potential is compromised because of aging \[[@pone.0202857.ref003]\]. Low-turnover osteoporosis is observed not only in women but also in men \[[@pone.0202857.ref003]\]. Several studies regarding high-turnover osteoporosis have been performed, whereas studies regarding low-turnover osteoporosis are scarce. Therefore, investigation of low-turnover osteoporosis is important for treatment of elderly people.

Low-turnover osteoporosis causes both cortical and trabecular bone reduction \[[@pone.0202857.ref004]\]. SAMP (senescence-accelerated mouse prone) strains arose spontaneously from the AKR/J background and display shortened life span and an array of signs of accelerated aging, compared with control SAMR strains \[[@pone.0202857.ref005]\]. Several studies regarding low-turnover osteoporosis have used SAMP6 mouse strain, which exhibits low-turnover osteoporosis \[[@pone.0202857.ref006]\]. In particular, this strain is characterized by decreased osteoblastogenesis, resulting in decreased bone formation and delayed bone healing \[[@pone.0202857.ref007]\]. Furthermore, it has been reported that peri-implant bone density in SAMP6 is low during osseointegration \[[@pone.0202857.ref008]\]. Therefore, improvement of bone healing in low-turnover osteoporosis is required.

Statins are competitive inhibitors of 3-hydroxy-2-methylglutaryl coenzyme A (HMG-CoA) reductase and are widely used to lower cholesterol levels in patients with hyperlipidemia and arteriosclerosis \[[@pone.0202857.ref009]\]. Another effect of statins has recently been reported in several studies: statins stimulate the differentiation of osteoblasts through BMP2, indicating their potential in the development of new osteogenic drugs \[[@pone.0202857.ref010],[@pone.0202857.ref011]\]. In previous animal experiments, the effects of fluvastatin in normal animal models and osteoporosis animal models have been investigated. In normal animal models, local administration of simvastatin improves fracture healing in the rat femur \[[@pone.0202857.ref012]\]. In studies using low-turnover osteoporosis models, it was reported that local administration of a fluvastatin improved bone healing in SAMP6 \[[@pone.0202857.ref013]\]. It was also reported that improvement of bone volume by local administration of fluvastatin was lower in SAMP6 than in SAMR1. Accordingly, further studies are required to clarify the fluvastatin doses that are sufficient for obtaining better bone healing.

No *in vitro* studies have been reported using a low-turnover osteoporosis mouse model. In addition, the dose effects of fluvastatin on bone marrow stromal cell (BMSC) differentiation into osteoblasts and the function of fluvastatin in BMSC differentiation are yet to be elucidated.

Therefore, this study aimed to investigate the effect of fluvastatin on BMSC differentiation into osteoblasts in SAMP6 as a low-turnover osteoporosis model compared with SAMR1 as a normal model. In addition, the dose effects of fluvastatin were evaluated.

Materials and methods {#sec002}
=====================

Fluvastatin {#sec003}
-----------

Fluvastatin sodium salt (Toronto Research Chemicals Inc., Ontario, Canada) was used in various concentrations: 0 μM (as control, MillQ water), 0.1 μM, 0.5 μM, and 1.0 μM dissolved in MilliQ and filter-sterilized to evaluate the dose effect of fluvastatin.

Animals {#sec004}
-------

Twenty-week-old male SAMP6 mice (Japan SLC Inc., Shizuoka, Japan) and SAMR1 mice (Japan SLC Inc.) were used as models of low-turnover osteoporosis models and controls, respectively. Animal experiments in this study were conducted in strict accordance with the Tokyo Dental College's IACUC committee Guidelines for Animal Experiments (Approval protocol number: 253006, Approval date: 4/1/2013, Title: Effects of fluvastatin on bone marrow stromal cells of senescence-accelerated mouse prone 6). Animals were housed under standard husbandry conditions and given access to food and water. Daily care was performed by husbandry staff.

Preparation and culture of BMSCs {#sec005}
--------------------------------

SAMP6 mice (n = 3) and SAMR1 mice (n = 3) were euthanized under deep anesthesia with intraperitoneal sodium pentobarbital (Somnopentyl, Kyoritsu Seiyaku Co. Ltd., Tokyo, Japan). Metaphyses of femurs and tibias were aseptically cut and diaphysis cavities were flushed with culture medium. Culture medium was a minimum essential medium alpha (αMEM; Gibco by Life technologies, Grand Island, NY, USA), containing 15% fetal bovine serum (FBS; biowest, Nuaillé, France), 100 U/mL penicillin (Gibco by Life technologies, Grand Island, NY USA) and 100 μg/mL streptomycin (Gibco by Life technologies, Grand Island, NY USA); cell cultures were maintained at 37°C in an atmosphere of 5% CO~2~ and 100% humidity. Bone marrow cells were subsequently collected and plated, and after 24 h, red blood cells and non-adherent cells were removed. After reaching 80% confluence, cells were trypsinated and plated as the first passage of the culture. Culture medium was subsequently changed to osteogenic differentiation medium (αMEM supplemented with 50 μg/mL ascorbic acid and 10 mM β-glycerolphosphate; all from Sigma, St. Louis, MO, USA) and replaced every 3 days. All tests were performed on the first passage, and cells were seeded at a density of 2.0 × 10^4^ cells/cm^2^ and mixed with various concentration of fluvastatin as mentioned above.

Cell proliferation assay {#sec006}
------------------------

Cells were seeded in 96-well plates. Cell proliferation was tested using WST-1-based colorimetry (Roche Applied Science, Mannheim, Germany). After 1, 3, 7, and 14 days of culture, WST-1 was added to each well and incubated at 37°C for 1 h (n = 5). After incubation, the resulting supernatants were measured for absorbance at 450 nm and recorded using a microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA).

Quantitative real-time polymerase chain reaction {#sec007}
------------------------------------------------

Expression levels of *bmp2*, *runx2* and *bglap2* were determined by a quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) assay, and cells obtained after 1, 3, 7, and 14 days of culture were used (n = 5). The list of genes and primers are shown in [Table 1](#pone.0202857.t001){ref-type="table"}. In *bglap2* experiments, cells after 21days culture were used. Data was normalized to the control gene *gapdh*, evaluated by relative mRNA abundance as determined by the ΔΔCt method, and reported as fold induction. A commercial kit (RNeasy Mini kit, QIAGEN, Germany) was used to extract the mRNA from the cell pellets, and quantification of RNA was performed by measuring absorbance with the Nano-Drop^®^ Spectrophotometer ND-1000 using the ND-1000 software version 3.5.2 (Thermo Scientific, West Palm Beach, FL, USA). Total RNA was reverse-transcribed using a commercial kit (ReverTraAce^®^ qPCR RT Master Mix, Toyobo, Osaka, Japan), and qRT-PCR was performed with the THUNDERBIRD^®^ Probe qPCR Mix (Toyobo, Osaka, Japan) with standardized primers (TaqMan^®^ Gene Expression Assays, Applied Biosystems by Life technologies, NY, USA). Samples were analyzed using the Applied Biosystems 7500 Real-Time PCR system with SDS software version 1.4.
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###### ABI Taqman gene expression assay.

![](pone.0202857.t001){#pone.0202857.t001g}

  Gene symbol   LocusLink gene name                        ABI assay ID
  ------------- ------------------------------------------ ---------------
  *GAPDH*       glyceraldehyde-3-phosphate dehydrogenase   Mm99999915_g1
  *bmp2*        bone morphogenetic protein 2               Mm01962382_s1
  *runx2*       runt-related transcription factor 2        Mm00501584_m1
  *bglap2*      bone gamma carboxyglutamate protein        Mm03413826_mH

Enzyme linked immunosorbent assay analysis {#sec008}
------------------------------------------

After 3, 7, and 14 days of fluvastatin treatment, the BMP2 concentration in cell lysates was measured using BMP2 Mouse enzyme linked immunosorbent assay (ELISA) kit (ab119582, Abcam, Cambridge, UK) according to the manufacturer's instructions. BMP2 concentrations were normalized to protein content. The protein content was determined using a BCA protein assay reagent (BCA, PierceChemical, Rockford, IL, USA) (n = 5).

Immunofluorescence staining {#sec009}
---------------------------

For immunofluorescence experiments, cells were plated onto glass coverslips. After fluvastatin treatment, cells were fixed in 10% neutral buffered formalin. Cells were incubated with a primary antibody against BMP2 (1:100) (Bioworld Technology Inc., MN, USA) and Runx2 (1:100) (ab76956, Abcam, Cambridge, UK). Then, the samples were incubated with the appropriate secondary antibody, 4ʹ,6-diamidino-2-phenylindole (DAPI), and phalloidin. Coverslips mounted in an antifading mounting medium (ProLong^®^ Gold antifade reagent; Invitrogen, Eugene, OR, USA) were examined by CSLM using a LSM5 DUO microscope (Carl Zeiss MicroImaging, Gőttingen, Germany) with a 63× oil immersion objective. Images were analyzed using ZEN 2008 software (Carl Zeiss). To evaluate BMP2 positivity, the numbers of stained (positive) and unstained (negative) cells were counted. The data were expressed as the mean percentage of the ratio of the number of positive cells relative to the total number of cells. (n = 5).

Alkaline phosphatase activity and mineralization {#sec010}
------------------------------------------------

Alkaline phosphatase (ALP) activity was measured using a commercially available kit (LabAssay^™^ ALP kit, Wako Pure Chemicals, Tokyo, Japan) according to standard procedures. After 3, 7, and 14 days of fluvastatin treatment, the samples were subsequently detached using a cell scraper and sonicated on ice (Branson, MO, USA) (n = 5). Cell debris was removed by centrifugation at 15,000 rpm. ALP activity levels were normalized against total protein using a protein assay reagent (BCA, Pierce Chemical, Rockford, IL, USA). After 14 days of fluvastatin treatment, cells were fixed in 10% neutral buffered formalin. ALP substrate solution (Roche Diagnostics, Basel, Switzerland) was added to fixed cells for staining. Cells were subsequently washed with PBS and images were recorded.

After 21 days of fluvastatin treatment, cells were fixed in 10% neutral buffered formalin and then stained with Alizarin Red S solution (Wako Pure Chemical Industries Ltd., Osaka, Japan) for 5 min at room temperature. Cells were washed with PBS and images were recorded.

BMP inhibition (noggin) assay {#sec011}
-----------------------------

A total of 250 ng/mL recombinant mouse noggin (R&D Systems, Minneapolis, MN, USA) was applied to cells in the absence or presence of fluvastatin (SAMR1 at 0.1 μM and SAMP6 at 0.5 μM). On day 14, the cells were harvested, and we proceeded with ALP staining as mentioned above. (n = 5).

RhoA activation assay {#sec012}
---------------------

RhoA activity was assayed using rhotekin beads. After 3days of fluvastatin culture, Rho Activation Assay Kit (Cytoskelton, Denver, USA) was applied following manufacturer's instructions. Cells were lysed using lysis buffer, and the cell lysates were clarified by centrifugation, before incubation with Rho Assay Reagent to selectively bind GTP-RhoA and RhoA in a pull-down assay. Whole-cell lysates were immunoblotted directly to determine the total amount of RhoA, where RhoA was detected by Western blotting \[[@pone.0202857.ref014]\]. In studies of inhibitors of statin-induced RhoA inactivation, cells were treated with 1 mM mevalonate (Sigma, St. Louis, MO) in the presence and absence of fluvastatin.

Statistical analysis {#sec013}
--------------------

Results were expressed as means ± standard deviations. Statistical analysis was performed using GraphPad Prism (version 6.0; GraphPad Software Inc., San Diego, CA, USA). The data were analyzed by one-way analysis of variance (ANOVA), followed by Tukey's multiple comparison test, and probability (*p*) values \<0.05 were considered statistically significant. In mineralization and RhoA activation assay, Student's *t*-test was used.

Results {#sec014}
=======

Effects of fluvastatin on cell proliferation {#sec015}
--------------------------------------------

Cell proliferation in SAMP6 tended to be decreased compared with that in SAMR1. No significant differences in cell proliferation were associated with differences in concentrations of fluvastatin in SAMR1 and SAMP6 on any day ([Fig 1A and 1B](#pone.0202857.g001){ref-type="fig"}).

![Cell proliferation of SAMR1 and SAMP6 BMSCs (A, B), *bmp2* mRNA expression in SAMR1 and SAMP6 BMSCs (C, D) and the concentrations of BMP2 examined using ELISA (E, F).\
(A, B) The cells were treated with 0 μM, 0.1 μM, 0.5 μM and 1.0 μM of fluvastatin for 1, 3, 7 and 14 days, and cell proliferation was assessed using WST-1-based colorimetory. No significant differences in cell proliferation were associated with differences in concentrations of fluvastatin in SAMR1 and SAMP6 on any day. (C, D) The expression level of *bmp2* mRNA was shown as FC (fold chnage). (ΔΔCt method, baseline = 1day on control in SAMR1) \**P* \< 0.05 *bmp2* mRNA expression was significantly increased at fluvastatin concentrations more than 0.1 μM at 3 and 7 days of culture in SAMR1, and at concentrations more than 0.5 μM at 3and 7 days in SAMP6. (E, F) In ELISA assay, BMP2 concentrations were significantly increased at concentrations more than 0.1 μM at 3 days of culture in SAMR1, and at concentrations more than 0.5 μM at 3 days of culture in SAMP6.](pone.0202857.g001){#pone.0202857.g001}

Effects of fluvastatin on BMP2 mRNA and protein expression {#sec016}
----------------------------------------------------------

Effects of fluvastatin on *bmp2* mRNA and BMP2 protein expression are shown in [Fig 1A, 1B, 1C and 1D](#pone.0202857.g001){ref-type="fig"} respectively. In SAMR1 BMSCs, *bmp2* mRNA expression was significantly increased at fluvastatin concentrations more than 0.1 μM at 3 days and 7 days of culture ([Fig 1C](#pone.0202857.g001){ref-type="fig"}), whereas *bmp2* mRNA expression in SAMP6 BMSCs was significantly increased at concentrations \>0.5 μM at 3 days and 7 days of culture ([Fig 1D](#pone.0202857.g001){ref-type="fig"}). In the protein assay, ELISA analysis showed that BMP2 concentrations in SAMR1 BMSCs were significantly increased at concentrations \>0.1 μM at 3 days of culture ([Fig 1E](#pone.0202857.g001){ref-type="fig"}). In SAMP6 BMSCs, the BMP2 concentration was significantly increased at concentrations \>0.5 μM at 3 days of culture ([Fig 1F](#pone.0202857.g001){ref-type="fig"}).

Using immunofluorescence staining, a BMP2-positive reaction was observed at all concentrations in SAMR1 BMSCs ([Fig 2A](#pone.0202857.g002){ref-type="fig"}). In SAMP6 BMSCs, a BMP2-positive reaction was also observed at all concentrations ([Fig 2B](#pone.0202857.g002){ref-type="fig"}). In addition, the percentage of BMP2-positive stained cells was significantly higher at concentrations \>0.1 μM in SAMR1 ([Fig 2C](#pone.0202857.g002){ref-type="fig"}), whereas in SAMP6, it was significantly higher at concentrations \>0.5 μM than in controls and at 0.1 μM ([Fig 2D](#pone.0202857.g002){ref-type="fig"}).

![The protein expression of BMP2 detected with immunofluorescence staining (A, B) and percentages of BMP2 positive cells for 3days fluvastatin treatment in immunofluorescence staining (C, D).\
(A, B) BMP2 expressions were found in the cytoplasm. Red: BMP2, Blue: DAPI and green: actin. Scale bar = 20 μm. (C, D) The percentage of BMP2-positive stained cells was significantly higher at concentrations more than 0.1 μM in SAMR1 and at concentrations more than 0.5 μM in SAMP6. \**P* \< 0.05.](pone.0202857.g002){#pone.0202857.g002}

Effects of fluvastatin on Runx2 mRNA and protein expression {#sec017}
-----------------------------------------------------------

Effects of fluvastatin on *runx2* mRNA and protein expression detected with immunofluorescence staining are shown in [Fig 3](#pone.0202857.g003){ref-type="fig"}. The *runx2* mRNA expression in SAMR1 BMSCs treated with 0.1 μM, 0.5 μM, and 1.0 μM fluvastatin significantly increased compared with that in controls at 3 days ([Fig 3A](#pone.0202857.g003){ref-type="fig"}), whereas *runx2* expression significantly increased in SAMP6 BMSCs treated with 0.5 μM fluvastatin compared with those treated with 0 μM and 0.1 μM fluvastatin at 7 days ([Fig 3B](#pone.0202857.g003){ref-type="fig"}). In addition, Runx2 protein expression in SAMR1 BMSCs was highly observed at more than 0.1 μM fluvastatin, and that in SAMP6 BMSCs was highly observed at more than 0.5 μM ([Fig 3C and 3D](#pone.0202857.g003){ref-type="fig"}).

![*runx2* mRNA expression (A, B) and protein expression of Runx2 (C, D) in SAMR1 and SAMP6 BMSCs.\
(A, B) The expression level of *runx2* mRNA was shown as FC (fold chnage). (ΔΔCt method, baseline = 1day on control in SAMR1) \**P* \< 0.05 *runx2* mRNA expression was significantly increased at 0.1μM, 0.5μM and 1.0μM fluvastatin at 3 days of culture in SAMR1, and at 0.5 μM at 7 days in SAMP6. (C, D) BMSCs were treated with fluvastatin for 7days. Red: Runx2, blue: DAPI and green: actin. Scale bar = 20 μm.](pone.0202857.g003){#pone.0202857.g003}

Effects of fluvastatin on ALP activity and histochemical detection {#sec018}
------------------------------------------------------------------

In SAMR1 BMSCs, the ALP activity at a concentration of 0.1 μM fluvastatin was higher than that in controls at 7 days, and this effect was observed at concentrations of 0.1 μM and 0.5 μM fluvastatin compared with control at 14 days ([Fig 4A](#pone.0202857.g004){ref-type="fig"}). In SAMP6 BMSCs, ALP activity at a concentration of 0.5 μM fluvastatin was higher than that of the control and at 0.1 μM at 14 days ([Fig 4B](#pone.0202857.g004){ref-type="fig"}). Histochemical detection of ALP activity at 14 days showed similar phenomena for ALP activity in both SAMR1 and SAMP6 BMSCs ([Fig 4C and 4D](#pone.0202857.g004){ref-type="fig"}).

![The activity of intracellular alkaline phosphatase (ALP) and histochemical detection of ALP in SAMR1 (A, C, E) and SAMP6 (B, D, F) BMSCs.\
(A, B) ALP activity was normalized by total cellular protein. (C, D) Histochemical detection of ALP in SAMR1 and SAMP6 BMSCs for 14days treatment of fluvastatin. (E, F) SAMR1 and SAMP6 BMSCs were treated for 14days in the presence or absence of fluvastatin (SAMR1 at 0.1μM and SAMP6 at 0.5μM) and noggin (250 ng/ml). \**P* \< 0.05.](pone.0202857.g004){#pone.0202857.g004}

Effects of noggin on fluvastatin-induced ALP activity {#sec019}
-----------------------------------------------------

Effects of noggin, a BMP-specific antagonist, on fluvastatin-induced ALP evidenced by histochemical analysis are shown in [Fig 4E and 4F](#pone.0202857.g004){ref-type="fig"}. Noggin treatment inhibited fluvastatin-induced ALP activity in both SAMP6 and SAMR1 BMSCs.

Effects of fluvastatin on mineralization {#sec020}
----------------------------------------

Effects of fluvastatin on *bglap2* mRNA and protein expression detected with alizarin red staining are shown in [Fig 5A](#pone.0202857.g005){ref-type="fig"}. The *bglap2* mRNA expression in SAMR1 BMSCs treated with 0.1 μM, fluvastatin significantly increased compared with that in controls at 21 days, and *bglap2* expression significantly increased in SAMP6 BMSCs treated with 0.5 μM fluvastatin compared with controls at 21 days. In addition, mineralization in SAMR1 and SAMP6 BMSCs was highly observed at the presence of 0.1 and 0.5 μM fluvastatin.

![Mineralization and RhoA activation in SAMR1 and SAMP6 BMSCs.\
(A) SAMR1 and SAMP6 BMSCs were treated for 21days in the presence and absence of fluvastatin (SAMR1 at 0.1μM and SAMP6 at 0.5μM). The expression level of bglap2 mRNA was shown as FC (fold chnage), and mineralized matrix was visualized by Alizarin Red staining. (B) The level of GTP-bound RhoA was normalized by total RhoA shown as fold to control. SAMP6 and SAMR1 BMSCs were treated for 3days in the presence or absence of fluvastatin (SAMR1 at 0.1μM and SAMP6 at 0.5μM). (C) SAMP6 and SAMR1 BMSCs were treated with mevalonate for 3days in the presence and absence of fluvastatin (SAMR1 at 0.1μM and SAMP6 at 0.5μM). \*\**P* \< 0.01.](pone.0202857.g005){#pone.0202857.g005}

Effects of fluvastatin on RhoA activation {#sec021}
-----------------------------------------

The activity of RhoA by rhotekin beads in SAMP6 and SAMR1 BMSCs was measured ([Fig 5B](#pone.0202857.g005){ref-type="fig"}). The level of GTP-bound RhoA was decreased in the presence of fluvastatin (SAMR1 at 0.1μM and SAMP6 at 0.5μM). The activity of RhoA in add-back experiments with mevalonate in the presence or absence of fluvastatin (SAMR1 at 0.1μM and SAMP6 at 0.5μM) ([Fig 5C](#pone.0202857.g005){ref-type="fig"}). The level of GTP-bound RhoA was decreased in the presence of fluvastatin.

Discussion {#sec022}
==========

Fluvastatin was used among several types of statins in this study. Based on their characteristics, statins can be classified into hydrophobic and hydrophilic subgroups. Hydrophobic statins include simvastatin and atorvastatin; hydrophilic statins include rosuvastatin and pravastatin. Hydrophobic statins cross the cellular membrane to enter cells, whereas hydrophilic statins rely on specific carrier mechanisms for entry into cells \[[@pone.0202857.ref015]\]. In contrast, fluvastatin appears to have intermediate physicochemical characteristics with both hydrophobicity and hydrophilicity because it is approximately twice as hydrophilic as lovastatin but 40 times more lipophilic than pravastatin \[[@pone.0202857.ref016]\]. Therefore, fluvastatin is considered to be suitable for cell culture because it is easily dissolved in the culture medium. Some authors suggested the positive effect of locally applied fluvastatin on bone healing \[[@pone.0202857.ref010]\]. Low-turnover osteoporosis, which is observed in both men and women, results in a decrease in the thickness of both cortical and trabecular bone due to osteoblastic hypoplasia \[[@pone.0202857.ref003],[@pone.0202857.ref017]\]. Therefore, from a dental implant treatment perspective, it is important to improve bone healing for osseointegration in low-turnover osteoporosis. Several studies have used SAMP6 as models of low-turnover osteoporosis. In SAMP6 aged 16--20 weeks, reduced BMD, bone calcium, and bone phosphorous; decreased femoral weight and amount of trabecular bone because of osteoblastic hypoplasia; and thinning of cortical bone have been reported \[[@pone.0202857.ref018]\]. Therefore, in this study, SAMP6 were considered suitable for an experimental animal model of low-turnover osteoporosis.

The proliferation ability in SAMP6 tend to be lower than in SAMR1. A previous report confirmed that the BMSC proliferation ability in SAMR1 was significantly higher compared with SAMP6 \[[@pone.0202857.ref019]\]. No significant differences in cell proliferation were recognized among fluvastatin concentrations within 0--1.0 μM in SAMR1 or SAMP6 in this study. Similarly, Zhou et al.\[[@pone.0202857.ref020]\] demonstrated that concentrations of 0--1.0 μM simvastatin did not show any apparent inhibition of human adipose-derived stromal cells (hADSCs) proliferation; however, cell growth was inhibited at concentrations \>1.0 μM. In addition, it was suggested that simvastatin concentrations \>1.0 μM had a cytotoxic effect on human mesenchymal stem cells (hMSCs), because of cell death \[[@pone.0202857.ref021]\]. In our primary study, cell growth was also inhibited at 2.0 μM in SAMP6 and SAMR1 (data not shown). Accordingly, 0--1.0 μM fluvastatin were believed not inhibit cell proliferation of SAMP6 and SAMR1.

In the present study, differentiation of BMSCs into osteoblasts was investigated through the expression of osteoblast-associated genes (*bmp2*, *runx2* and *bglap2*), protein and endogenous ALP enzyme activity. Enhanced BMP2 expression for both gene and protein was observed in SAMP6 and SAMR1. Enhanced BMP2 expression was reported on simvastatin administration in human MG-63 osteoblasts \[[@pone.0202857.ref011],[@pone.0202857.ref022]\], MC3T3-E1 cells \[[@pone.0202857.ref023]\] and normal mouse BMSCs \[[@pone.0202857.ref024]\]. Enhanced BMP2 expression was confirmed on fluvastatin administration in hMSCs \[[@pone.0202857.ref025]\]. In addition, we performed a BMP inhibition assay using noggin, a BMP-specific antagonist. As evidenced by histochemical analysis, noggin treatment significantly inhibited the BMP2-induced upregulation of ALP activity in SAMP6 and SAMR1. These results indicated that BMP2 expression was definitely increased by fluvastatin administration in SAMP6 and SAMR1 BMSCs.

Furthermore, it was reported that lipophilic statins crossed the cellular membrane \[[@pone.0202857.ref015]\] and increased BMP2 expression by inhibiting isoprenylation of Ras \[[@pone.0202857.ref026]\] and Rho \[[@pone.0202857.ref027]\] proteins in the mevalonate pathway. Ras/Rho proteins may be present in an inactive guanosine diphosphate (GDP)-bound cytosolic form, and upon cellular activation, they translocate to the active guanosine triphosphate (GTP)-bound membrane form. Ras/Rho proteins are dependent on isoprenylation for their activity \[[@pone.0202857.ref028]\]. Also in this study, the inhibition of RhoA activation was observed in the presence of fluvastatin in both SAMP6 and SAMR1. This result indicated that the BMP2 expression was increased by the inhibition of RhoA activation. Then, add-back experiments of the mevalonate pathway intermediates were also performed. By adding-back mevalonate, the RhoA inactivation was observed in the presence of fluvastatin in both SAMP6 and SAMR1. It suggested that mevalonate was involved in the resistance to fluvastatin in SAMP6. It was reported that fluvastain inhibits HMG-CoA reductase, an early step in the mevalonate pathway \[[@pone.0202857.ref009]\]. Thus, in the SAMP6 model, fluvastatin inhibited HMG-CoA reductase to reduce cholesterol production by mevalonate pathway but it also inhibited prenylation of proteins via geranylgeranylation.

Runx2 expression, ALP activity and mineralization were enhanced by fluvastatin treatment in SAMP6, in this study. It has been suggested that BMP2 activates Runx2 and regulates the ALP expression \[[@pone.0202857.ref029]\]. In addition, it was reported that enhanced *bmp2* mRNA expression by statins is a trigger of osteoblast differentiation because simvastatin induces the production of ALP in mouse osteoblasts \[[@pone.0202857.ref030]\]. Thus, in this study, fluvastatin stimulated differentiation of BMSCs into osteoblasts as a consequence of upregulated BMP2 and Runx2 expression and induced production of ALP and mineralization in SAMP6 BMSCs.

In the present study, BMP2 and Runx2 expression and ALP activity were increased at fluvastatin concentrations more than 0.5 μM in SAMP6, whereas BMP2 and Runx2 expression and ALP activity were increased at concentrations more than 0.1 μM in SAMR1. Accordingly, the minimum concentration of fluvastatin required to promote the differentiation of BMSCs into osteoblasts was 0.5 μM in SAMP6 and 0.1 μM in SAMR1. Previous studies indicated that the number of adherent colonies containing adipocytes was 14.7 times higher in SAMP6 BMSCs than in SAMR1 BMSCs and that the number of adipocytes was 5 times higher in SAMP6 than in SAMR1 \[[@pone.0202857.ref007]\]. In addition, in histological analysis, more adipose tissue was observed in SAMP6 \[[@pone.0202857.ref013]\]. Furthermore, it was reported that lipophilic statins such as simvastatin were transported into adipocytic cells \[[@pone.0202857.ref024]\]. Accordingly, a higher dose of fluvastatin is required against SAMP6 BMSCs to promote the differentiation into osteoblasts. In addition, it was demonstrated that osteoblastogenesis was decreased in SAMP6 compared with that in SAMR1. Thus, BMP2 and Runx2 expression and ALP activity is lower in SAMP6 than in SAMR1 when the same dose of fluvastatin is administered.

From our results, *runx2* mRNA expression in SAMP6 was delayed compared with that in SAMR1 and ALP activity in SAMP6 was lower than in SAMR1. It has been reported that higher expression levels of Sfrp4 negatively regulated bone formation and decreased BMD through inhibition of Wnt signaling in SAMP6 \[[@pone.0202857.ref031]\]. Therefore, our finding may be associated with this inhibition of Wnt signaling; however, the mechanism underlying the faulty differentiation of BMSCs into osteoblasts in SAMP6 remains unclear.

In this study, fluvastatin promoted osteoblastic differentiation mediated by RhoA-BMP2 action in SAMP6. Accordingly, the present result suggested that fluvastatin compensated for the decreased ability of BMSCs to differentiate into osteoblasts because of faulty Wnt signaling with promoted differentiation ability mediated by RhoA-BMP2 action in SAMP6. In mevalonate pathway, fluvastatin inhibited HMG-CoA reductase and prenylation of RhoA in low-turnover osteoporosis.

Fluvastatin may be clinically effective in terms of improving bone healing. With regard to the dose of fluvastatin, higher concentrations may be necessary in low-turnover osteoporosis cases than in normal cases. In addition, it may be effective to use local administration with a fluvastatin-releasing system in bone healing. This concept is supported by previous reports suggesting that local administration of fluvastatin facilitated bone formation in SAMP6 \[[@pone.0202857.ref013]\].

In conclusion, the present study revealed that fluvastatin promoted BMSC differentiation into osteoblasts by RhoA-BMP2 pathway in SAMP6. The concentration of fluvastatin for promoting BMSCs differentiation into osteoblast was higher in SAMP6 (low-turnover osteoporosis model mice) than in SAMR1 (control mice).
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